A repetitively pulsed hypersonic test facility has been constructed and characterized. This apparatus was designed to enable advanced laser diagnostic development. The underlying principle is to synchronize the intermittent tunnel operation with the laser pulses to achieve effectively continuous operation. Repetitively pulsed (2-20 ms pulse lengths) uniform supersonic flow at Mach 4.6 and hypersonic flow at Mach 6.2 were demonstrated for extended operation. The nozzle flows were characterized using fast-response pressure sensors and NO planar laser-induced fluorescence imaging for two-dimensional temperature and velocity measurements. The pulse-to-pulse impact pressure repeatability was within 1.0%, corresponding to exit flow velocity and temperature fluctuations of 0.7 and 1.0%, respectively. The apparatus can operate over a unit Reynolds number range of 6:0 10 4 to 3:0 10 6 m 1 . 
Nomenclature

C p
= heat capacity at constant pressure C v = heat capacity at constant volume C 12 = experimentally determined calibration constant D e = exit diameter of nozzle D s = diameter of subsonic section of nozzle D t = throat diameter of nozzle k = Boltzmann constant M = Mach number m = mass P i = impact pressure P 0 = stagnation pressure P 02 = pitot pressure S f = fluorescence signal intensity T rot = rotational temperature T w = wall temperature T 0 = stagnation temperature = ratio of heat capacities, C p =C v E 21 = energy difference between rotational states I. Introduction E XPERIMENTAL studies in hypersonic facilities are often problematic due to 1) excessive operation expense of longduration wind tunnels and 2) short duty cycles associated with impulse or blowdown wind-tunnel facilities. These challenges are amplified when developing new diagnostic techniques. In this paper, we report on a compact repetitively pulsed hypersonic apparatus. The facility is particularly well suited for development of optical diagnostics that use pulsed lasers such as planar laser-induced fluorescence (PLIF) and molecular tagging velocimetry (MTV). Specifically, when the pulsed operation of the facility is synchronized to the pulsed laser systems, the operation is essentially continuous. A key advantage of this model of operation is that the mass flow through the facility is reduced by several orders of magnitude as compared with a continuous flow facility.
The facility described herein builds on relatively recent cold-flow supersonic pulsed facility developments, where the study of reactions at very low temperatures provides a stringent test of theoretical models since molecular encounters at low relative velocity are particularly sensitive to the potential energy surface in the entrance channel. Traditional kinetics experiments in static or slow flow reactors are limited to temperatures above 200 K due to condensation of reactants on the walls of the vessel. Initiating reactions in the uniform flow arising from a converging-diverging, or de Laval, nozzle avoids this limitation, and the flow is often described as a wallless reactor. Initial demonstration and refinement of low-temperature uniform supersonic flows originated with Rowe et al. [1] and Rowe and Marquette [2] , and later by James et al. [3] and Chastaing et al. [4] , using continuous flow systems. Atkinson and Smith [5, 6] and Atkinson et al. [7] demonstrated a pulsed variant of the technique matched to the pulsed laser systems used for reaction initiation and species detection that required significantly lower pumping capacity. Several other groups have since employed pulsed de Laval nozzle systems to study low-temperature reactions [8] [9] [10] [11] . The reduction in mass flow rates, and therefore pumping speed requirements, makes these pulsed nozzle systems more compact and ideal for applications where toxic chemicals, either as reactants or flow tracers, in continuous flows can be both a safety issue and prohibitively expensive. In addition, such systems can be operated long periods in contrast with shorter-run blowdown and impulse facilities. The challenge of pulsed de Laval nozzle systems is ensuring that the flows are stable during a single gas pulse and that the individual gas pulses are reproducible. Confirmation of both issues requires diagnostics for flow characterization.
The objective of this paper is to describe the design and performance characterization of a recently constructed repetitively pulsed hypersonic flow apparatus. The present design is based on the work of Atkinson and Smith [5, 6] . The primary application of the facility is to serve as a laser diagnostic development tool. However, the flow quality proves to be sufficient for future quantitative measurements in hypersonic boundary-layer studies and low-temperature ablation. The compact apparatus is housed with the National Aerothermochemistry Laboratory located at Texas A&M University.
II. Description of the Repetitively Pulsed Hypersonic Apparatus
A cross-sectional view of the repetitively pulsed hypersonic apparatus is shown in Fig. 1 . The apparatus consists of two main elements: the nozzle assembly and the test chamber.
A. Nozzle Assembly
The nozzle assembly consists of an aluminum mounting block fitted with four solenoid pulse valves and a screw-in aluminum axisymmetric converging-diverging nozzle (Fig. 2 ). The gas is supplied radially to a settling chamber volume in the mounting block using four Parker general valve, series 9, pulse valves controlled by a custom-made valve driver circuit [12] , which provides externally triggered 1.0-20.0-ms-long pulses with 250 s opening times. The pulsed valves can operate at temperatures up to 400.0 K, pressures up to 85.0 atm, and repetition rates up to 120.0 Hz. The settling chamber region is intentionally small (2:25 cm 3 ) since continuum stable flow requires a balance between inflow and outflow, and thus constant pressure. Flow conductance calculations suggest that the settling time is on the order of 1.2 ms, consistent with time-resolved measurements, which show a comparable time to establish uniform flow at the nozzle exit.
The back of the mounting block has optical access via a 25.4-mmdiam quartz window to permit laser photolysis of precursors if necessary. To achieve the mass flow required to run higher Mach number flows, each pulse valve was bored out to have a 3.0-mm-diam orifice that was sealed with a Viton® gasket as a substitute to the standard Teflon® poppet. We observed no change in valve performance other than increase in the mass flow as a result of this modification. The pulse valve pulse lengths are restricted to a few milliseconds at repetition rates of 10:0 Hz, which allowed continuous operation with the available pumping capacity. Under typical operation of the apparatus associated with the optical diagnostics repetition rate of 1.0 Hz and a pulse valve opening time of 10.0 ms, the gas consumption is two orders of magnitude less than in a continuous flow. The pulsed flow is easily synchronized with the laser systems and intensified charge coupled device (ICCD) cameras using a BNC 575-8C digital delay/pulse generator and a frequency divider. The entire nozzle assembly can be heated up to 400.0 K to avoid test gas liquefaction during expansion at high Mach numbers.
Two axisymmetric aluminum nozzles, Mach 4.6 and 6.2, were designed and tested. The nozzles were designed classically using the method of characteristics (MOC) with an ad hoc Mach number increase to account for boundary-layer displacement effects as estimated using simple integral methods assuming turbulent flow. Computational fluid dynamics (CFD) were run to verify Mach number exit uniformity and to ensure that shock waves were not generated within the nozzle. The simulations demonstrated shock wave free flow in the nozzle; hence, the designs were not changed as a result of the CFD. Mach 4.6 was selected, as it provides a reasonable margin (25 K) of operation without having to heat air in the settling region to avoid liquefaction at the highest available total pressure. The Mach 6.2 nozzle was arbitrarily selected since it matches other facilities within the laboratory. The inviscid supersonic nozzle contours were designed with the MOC [13] . The Mach 4.6 and Mach 6.2 nozzles have exit diameters of 2.8 and 5.05 cm, respectively. However, at the present Mach numbers and wall temperatures, isothermal at room temperature, viscous effects were a significant factor in the exit flow. Hence, detailed CFD computations were also performed as part of the nozzle design.
The contraction was described by a cubic polynomial. The settling chamber diameter was 1.3 cm, which resulted in area contraction ratios of 6.5 and 7.9 for the Mach 4.6 and the Mach 6.2 nozzles, respectively. Additional screens and flow conditioning were deemed unnecessary, as it was expected that the large-scale motions would be damped during the contraction. The resulting freestream turbulence and uniformity levels are addressed in Sec. IV. The nozzle assembly is mounted to the chamber via a removable aluminum plate, as shown in Fig. 2 . The operating parameters are summarized in Table 1 . These values were selected based on the available vacuum resources within the laboratory (described next).
B. Test Chamber
The main chamber was designed to maximize optical access in order to accommodate a variety of laser diagnostic techniques. The chamber is constructed from welded 12.5-cm-thick aluminum plates and has dimensions 25 25 63:5 cm for a total volume of approximately 40 L. The primary optical access is provided by two 17:8 2:54 cm fused silica windows centered on each face of the cell for multiple laser beams (top and bottom faces) and imaging cameras (side faces), as shown in Fig. 1 . The apparatus is coupled to a vacuum line via a liquid nitrogen trap where seeded chemicals used as diagnostic tracers or tracer precursors can be condensed to avoid damage to the pump assembly and minimize toxic exhaust. The pump assembly consists of a Leybold E 250 rotary pump and a roots blower that provide a pumping speed of 70 L s 1 . The pressure inside the chamber is continuously monitored using a calibrated pressure transducer (MKS series 902). Under static no-flow conditions, the pressure in the chamber is typically less than 0.2 torr. During operation, a needle valve connected to the chamber allows tuned pressure matching between the nozzle exit and the chamber. Test models can be mounted using an array of 1 4 -20 tapped holes located on the chamber floor and ceiling. The entire chamber is mounted to a rail system on an optical table that allows the laser mirrors, the sheeting optics, and the ICCD cameras to remain fixed, and aligned, while the chamber is moved horizontally in order to probe the flow at different downstream locations.
III. Computational Fluid Dynamic Methods
The nozzle designs were verified using CFD. Numerical simulations were performed using the GASP [14] flow solver. The flow solutions were converged to steady state using the implicit Gauss-Seidel method. Inviscid fluxes were computed using thirdorder-accurate MUSCL [15] interpolation and the Roe approximate Riemann solver [16] . Viscous fluxes were computed to second-order accuracy. Both laminar and turbulent simulations were performed. First-order closures such as k-omega [17] and Menter's shear-stress transport [18] models produced results very similar to the laminar solutions. The turbulent flow results presented in this work were obtained using the Baldwin-Lomax model [19] . Stagnation values of the pressure and temperature were used as inflow conditions to the nozzle. Viscous wall conditions were specified along with a wall temperature (T w 290 K) at the nozzle surface. Initial iterations of the simulations were performed with a specified low backpressure at the exit. Once the flow reached supersonic conditions at the exit, the boundary condition was switched to extrapolation and the solution was restarted and ran until convergence. At each grid level, the L2 norms of the residuals were reduced by at least four orders of magnitude.
A cubic-spline fit of the nozzle coordinates output from the design code was used for the profile of the nozzles. A two-dimensional grid was used in the simulations to take advantage of the axisymmetric nature of the nozzle. Grid convergence was demonstrated using three structured grids. The fine grid had 641 points in the axial direction, 513 of which were in the diverging section of the nozzle, and 129 points in the wall-normal direction. The medium and coarse grids consisted of 321 65 and 161 33 points, respectively. Example grid convergence study results for the fine and medium grids are shown in Fig. 3 for the Mach 4.6 nozzle. The Mach number across nozzle exit is plotted versus radial distance. As indicated, medium and fine grid results are similar, with a maximum Mach number difference of 2% in the viscous shear layer. The corresponding Mach 6.2 grid convergence was similar, where the grid densities were matched to the ones listed above.
IV. Facility Characterization
The performance of the apparatus and the flow uniformity were characterized using a combination of pressure, temperature, and velocity measurements. The temperature and velocity measurements were obtained using NO PLIF and the recently developed vibrationally excited nitric oxide monitoring (VENOM) diagnostic technique [20] . Pointwise time-resolved pressure measurements were provided by miniature fast-response pressure sensors. While the time-resolved pressure measurements allow a precise measurement of both the fluctuations within a single pulse and shot-to-shot stability in the flow behavior, the NO PLIF/MTV measurement of average velocity and temperature maps provide supporting evidence of a spatially uniform flow. This is important since spatial and temporal uniformities are key parameters to define the applicability of these flows in future studies.
A. Temporal Characterization
Miniature fast-response pressure sensors permitted measurements of the freestream pressure and Mach number. In the settling chamber upstream of the nozzle throat, Endevco models 8540-15 and 8540-100 absolute piezoresistive pressure sensors were used. These sensors have diaphragm-resonance frequencies of 140 and 350 kHz and full-scale pressures of 15 and 100 psia, respectively. The sensing diaphragms are flush-mounted to the tip of the sensor and covered with a screen, leaving a small dead-air volume of under 0:005 cm 3 , maximizing transient response. Downstream of the nozzle exit, a Kulite XCEL-100-5A sensor was flush-mounted into the tip of a pitot tube. This sensor has a resonant frequency of 150 kHz and a 5 psia full-scale pressure. The overall outer diameter of the assembled pitot tube was 0.343 cm. All transducers were statically calibrated immediately before the measurements against an MKS Baratron 631C capacitance manometer to determine their sensitivities and zero offsets. An Endevco model 136 signal conditioner supplied a steady 10 V dc excitation voltage to both sensors and amplified their millivolt-level output to a 10 V full-scale signal. The amplification circuitry in the model 136 had a 200 kHz bandwidth ( 3 dB). The output of the signal conditioner was sampled at 500 kHz using two fully independent channels on a 16-bit data acquisition board. The data were then digitally low-pass filtered at 100 kHz to remove the nonphysical high-frequency content near the sensors' resonant frequencies. Mach number time histories along the nozzle centerline were determined using the normal-shock relation for the ratio between settling chamber pressure P 0 and the pitot pressure P 02 [13] behind the bow shock that forms in front of the probe.
Shown in Fig. 4a is the time-dependent impact pressure profile of a single pulse with a 10.0 ms pulse valve opening time using the Mach 4.6 nozzle and N 2 as the test gas. The data shown were taken at a repetition rate of 1 Hz. The induction time to stable flow was approximately 2.0 ms after the pulsed valve trigger signal, which was a combination of the 250 s valve opening time and the filling time within the settling chamber region (estimated at 1.2 ms). The pulse shows 10.0 ms of stable flow 3.0 ms after the trigger. The sharp features in the impact pressure before and after the stable flow region are due to shock waves, which arise from nonpressure matched expansion as the flow is established and after the valves have closed and the pressure in the settling chamber decreases. The presence of these shocks is observed in NO PLIF images acquired at times corresponding to the beginning and the end of the pulse. During the uniform flow time interval, the settling pressure rms was 5.6 torr (i.e., 2.2%) and the impact pressure was observed to vary 0.7%. This reduction is expected due to the stabilizing effect of the favorable pressure gradient during the acceleration within the nozzle. The inset in Fig. 4a shows a series of six consecutive 10 ms duration pulses at a 1 Hz repetition rate. We find excellent stability from shot to shot with average pressure differences of 0.8%. Shorter pulse valve opening times result in similar pressure profiles, differing only in the magnitude of stable flow times. We observed similar results with the Mach 6 nozzle, which are shown in Fig. 4b . The measured centerline flow properties are summarized in Table 2 .
B. Spatial Characterization
At high Mach numbers, viscous effects play an important role in nozzle design. This is evident in the CFD simulation results shown in Fig. 5 , where the viscous boundary layers are seen to occupy a significant fraction of the exit flow. To quantify the nozzle exit flow, we performed 1) radial pitot pressure surveys across the nozzle exit, 2) two-line NO PLIF for temperature, 3) MTV, and 4) vibrationally excited NO monitoring [20] measurements for simultaneous thermometry and velocimetry.
To obtain exit Mach number profiles, pitot pressure surveys across the exit of the nozzle were performed, where the test chamber and nozzle exit pressure were matched based on the centerline Mach numbers listed in Table 2 . Hence, the Rayleigh-pitot formula was used to compute the Mach number, given the static pressure and measured pitot pressures. The results are shown in the top and bottom graphs of Fig. 6 for the Mach 4.6 and 6.2 nozzles, respectively. Laminar and turbulent simulation results are shown for comparison purposes. The state of the boundary layer, laminar or turbulent, along the nozzle wall is uncertain due to the low Reynolds numbers and strong favorable pressure gradients. Hence, both laminar and turbulent simulations were performed. Although the differences are subtle, the boundary layers appear to be turbulent. For both nozzles, the measured exit profiles are in reasonable agreement with the CFD results, where the measured Mach numbers were approximately 2% lower than predicted. The uniform, or inviscid, core regions were approximately 57 and 65% of the exit diameters for the Mach 4.6 and 6.2 nozzles, respectively. The measured spatial variations across the uniform core region are summarized in Table 3 . The static temperature and velocity across the nozzle exit were estimated from the Mach number data, assuming a constant total temperature: in this case, room temperature. The results are also summarized in Table 3 to facilitate comparison with the PLIF measurements described below.
A mixture of 1% NO in N 2 was used as a test gas for the PLIF experiments. The PLIF laser system, shown in Fig. 7 , consisted of an injection seeded Spectra Physics PRO-290-10 Nd:YAG laser operated at 10 Hz pumping a Sirah Cobra Stretch pulsed dye laser at 532 nm to produce 621 nm output using a mixture of Rhodamine 610 and Rhodamine 640 in methanol. The dye output was mixed with the residual 355 nm from the Nd:YAG laser in a Sirah SFM-355 frequency mixing unit to produce approximately 10 mJ=pulse near 226 nm. The 226 nm beam was passed through a lens system to form a 20-mm-wide sheet approximately 150 m in thickness. Twodimensional temperature maps of the flow were obtained using the two-line PLIF technique [21, 22] . The PLIF images were obtained probing the A 2 v 0 0 X 2 v 00 0 band of NO on the R 1 Q 21 1:5 and the R 1 Q 21 8:5 transitions. The rotational states were chosen to provide sensitive temperature measurements at the low temperatures expected in the current flows [23] . Fluorescence images were captured using an Andor iStar DH734 ICCD camera mounted perpendicular to the laser sheet. The camera was fitted with a Universe Kogaku America 105 mm f=4:0 UV lens and extension rings to capture images with a resolution of 72 pixel=mm. All the fluorescence images obtained for this study were acquired in the Table 2 Measured centerline properties with temporal variances linear regime, as confirmed by measurements of the fluorescence intensity captured by the ICCD camera as a function of laser power for both probe transitions. It has to be noted that there are about 80-90% of laser power losses from the dye laser exit to the exit of the nozzle due to the optics, absorption of background NO in the chamber, and an iris used to clean irregularities in the beam before it goes through the sheeting optics. The two-dimensional temperature maps are obtained by comparison of images obtained probing the two NO rotational states. In principle, the fluorescence signal intensity is a complicated function of the initial population of the probed state, the stimulated absorption Einstein coefficient, the saturation and laser intensity, the fluorescence yield, and collection optics efficiency [24] . However, the ratio of two fluorescence signals obtained in the linear fluorescence regime by probing two rotational states can be directly used to determine the rotational temperature, provided that the coefficient C 12 is known; that is, S f2 =S f1 C 12 exp E 21 =kT rot . For the current experiments, C 12 was determined by collecting image pairs without pulsed flow. This was achieved by running the imaging system at twice the pulsed valve repetition rate, so every other image pair produced a fluorescence ratio to calculate C 21 at the known temperature inside the chamber measured using a thermocouple. Figure 8 shows the two-dimensional temperature map of the core flow using the Mach 4.6 nozzle (left) and the Mach 6.2 nozzle (right). For the analysis, 100 images of each rotational state were averaged. Pulse-to-pulse intensity variation of individual images was corrected for laser power and spatial profile. The average rotational/ translational temperature in the Mach 4.6 flow core was found to be 56.2 K with a spatial T rms of 1:2 K. The temperature of the flow can be estimated assuming adiabatic flow in the nozzle [25] and yields a value of 55.8 K, which is within the measurement uncertainty associated with NO PLIF thermometry. These results are summarized in Table 3 . The measured temperature for the Mach 6.2 nozzle core flow was 38.8 K with a spatial T rms of 0:8 K, close to the estimated temperature of 34 K.
In cases where the NO fluorescence lifetime is long relative to fluid displacement, MTV can be used to obtain streamwise velocity maps writing a set of vertical NO excitation lines onto the flowfield with the PLIF lasers [26, 27] . The laser sheet is directed through an array of 10 300-mm-focal-length 2-mm-wide microcylindrical lenses, following the approach reported by Lahr et al. [20] and Ribarov et al. [28] . The lens array results in higher laser energy density in the probing region and greater fluorescence signals, and hence permits longer time delays critical for MTV measurements, compared with the use of an aluminum mesh, which provides a modulated fluorescence intensity pattern based on partial blockage of the laser sheet. The narrower written regions attained with the focusing due to the lens array permit more accurate line location, resulting in an improved determination of the velocity field (Fig. 9) . Two time-delayed images acquired with 50 ns gates were collected within the NO fluorescence lifetime: the first 10 ns after the excitation pulse and the second following a 600 ns time delay. The streamwise velocity was calculated by measuring the displacement of the write lines and dividing this value by the known time delay between the two images, correcting for the finite gate times.
The velocity determination was performed using an in-house data analysis code written in MATLAB. The first step in the analysis involves the location of the fluorescence maxima along each row of the initial and time-delayed images, followed by a cross-correlation line-tracking subroutine that determines the displacement of the same line in the streamwise direction within a user-defined region that depends on the time delay used in the experiment. A single camera arrangement was employed due to its simplicity, particularly in terms of the minimizing the image processing required in a twocamera configuration. Figure 10 shows the average streamwise For this case, the line displacement uncertainty across the entire field of view was determined to be 0.5 pixels. We have found the line-location routine to be the dominant source of uncertainty in the velocity determination, corroborated by the same uncertainty measured under stationary conditions (i.e., using a gas mixture of 1% NO in N 2 in the chamber maintained at 1 torr) that generates a homogeneous velocity field of 0 m=s. The variations in the average velocity are consistent with the errors of the MTV measurements estimated to be 1:5%. An average, streamwise velocity of 757 m=s 8 m=s was determined from MTV measurements of the Mach 6.2 flow, which compares favorably with the value predicted from the pitot pressure, which was 760 m=s. We also employed the recently developed VENOM technique as a confirmation of the Mach 4.6 flowfield velocity and temperature fields [26, 29, 30] . The average streamwise velocity determined for the Mach 4.6 flow using the VENOM technique yielded an average velocity of 700 5 m=s, consistent with the results obtained using NO PLIF. A comparison of image pairs acquired 1:5 s after the photolysis pulse yielded an average temperature of 59:6 2:3 K, consistent with NO PLIF measurements. , where the stagnation point shows the greatest temperature, and the cold freestream at 56 K and a warmer wake region are revealed as well. The timing between the pulsed valves and laser/camera system ensured that the images were taken during uniform stable flow. The normal-shock standoff distance for a spherical body in a supersonic flow has a well-known dependence on the sphere diameter and the freestream Mach number for nonreactive flows. We have measured a ratio between the standoff distance and the sphere diameter of =D 0:087 0:007, which is consistent with predictions [31] .
V. Conclusions
A compact repetitively pulsed hypersonic test chamber at the National Aerothermochemistry Laboratory located at Texas A&M University has been developed and characterized. The system was designed to use relatively modest laboratory-scale infrastructure to facilitate advanced high-energy pulsed laser diagnostic development for hypersonic flows and exploratory work in ablating boundary layers. Stable 2-20 ms pulses of uniform axisymmetric supersonic flow at both Mach 4.6 and Mach 6.2 for operation times exceeding 8 h have been demonstrated with no change in flow behavior. The nozzle assembly permits facile exchange of converging-diverging nozzles to achieve a variety of exit Mach numbers. The pulsed flow output can be easily synchronized with laser and camera systems using conventional digital delay generators. The system is particularly well suited to longtime operation often required for diagnostic development and/or optimization, and for use with toxic chemical tracers, which can be cryogenically trapped at the modest mass flows employed. In principle, the apparatus can operate over a unit Reynolds numbers ranging between 6:0 10 4 and 3:0 10 6 m 1 . The nozzle flows were characterized using both fastresponse pressure sensors and nitric oxide MTV/PLIF imaging for two-dimensional temperature and velocity measurements. During the uniform flow time interval, the settling pressure rms was 2.2% and the impact pressure at the nozzle exit was observed to vary by 0.7%. These values correspond to fluctuations in exit flow velocity and temperature of 0.7 and 1%, respectively. Velocity and temperature measurements at Mach 4.6 and Mach 6.2 using MTV/PLIF measurements were in excellent agreement with predicted values. Observed rms values exceeded the magnitude of the fluctuations indicated by the pressure measurements, providing an estimate of the intrinsic uncertainties associated with the MTV/PLIF techniques. The apparatus represents a valuable tool in developing both novel diagnostics in hypersonics and results in flows of sufficient quality to permit future quantitative measurements in hypersonic boundarylayer studies and low-temperature ablation. Program Manager), by the NASA/AFOSR joint funded National Center in Hypersonics. The authors also wish to acknowledge the Texas A&M University Machine Shop and Oran W. Nicks Low Speed Wind Tunnel staff.
